The power of riboswitches in regulation of bacterial metabolism derives from coupling of two characteristics: recognition and folding. Riboswitches contain aptamers, which function as biosensors. Upon detection of the signaling molecule, the riboswitch transduces the signal into a genetic decision. The genetic decision is coupled to refolding of the expression platform, which is distinct from, although overlapping with, the aptamer. Early biophysical studies of riboswitches focused on recognition of the ligand by the aptamer-an important consideration for drug design. A mechanistic understanding of ligand-induced riboswitch RNA folding can further enhance riboswitch ligand design, and inform efforts to tune and engineer riboswitches with novel properties. X-ray structures of aptamer/ligand complexes point to mechanisms through which the ligand brings together distal strand segments to form a P1 helix. Transcriptional riboswitches must detect the ligand and form this P1 helix within the timescale of transcription. Depending on the cell's metabolic state and cellular environmental conditions, the folding and genetic outcome may therefore be affected by kinetics of ligand binding, RNA folding, and transcriptional pausing, among other factors. Although some studies of isolated riboswitch aptamers found homogeneous, prefolded conformations, experimental, and theoretical studies point to functional and structural heterogeneity for nascent transcripts. Recently it has been shown that some riboswitch segments, containing the aptamer and partial expression platforms, can form bindingcompetent conformers that incorporate an incomplete aptamer secondary structure. Consideration of the free energy landscape for riboswitch RNA folding suggests models for how these conformers may act as transition states-facilitating rapid, ligandmediated aptamer folding.
INTRODUCTION

R
iboswitches are natural, 'smart' nanodevices. They are RNA molecules that combine biosensing with real-time genetic decision making. The biosensing portion of the riboswitch is called the aptamer. To couple the aptamer sensing event to gene expression, the riboswitch must have the capacity to alter its folding pathway in response to a ligand-binding signal. This review asks how the binding of a ligand to the aptamer perturbs the RNA folding trajectory?
Artificial aptamers were developed for numerous applications before natural aptamers were discovered within riboswitches. 1 The coupling of the aptamer/biosensor with a gene expression switch opens new applications, most immediately in synthetic biology. [2] [3] [4] As riboswitches have been observed primarily in bacteria, they also attract attention as a target for the design of novel antibiotics. [5] [6] [7] A better mechanistic understanding of riboswitch function could enhance both types of applications.
We consider how the ligand-binding event is transduced into a gene expression signal. To address this question, it is necessary to consider the communication between biosensing (aptamer) and regulatory (expression) domains. We focus on transcriptional riboswitches, which compel us to transcend the classic structural biology approach, and consider a number of dynamic factors, specifically: (1) The system is intrinsically prone to conformational heterogeneity. [8] [9] [10] (2) The free energy landscape (FEL) that defines the relative stability of conformers is continually changing as the transcription proceeds. [11] [12] [13] [14] [15] (3) Kinetic factors may therefore control the outcome, but a number of rates need to be considered, including but not limited to ligand binding, RNA (re)folding, and movement and pausing of the polymerase and the transcription complex. (4) All of these rates are highly sensitive to cellular conditions. The riboswitch can therefore be tuned to respond to the cellular environment in a complex way. 10, 16, 17 (5) When considering the coupling between ligand binding and RNA folding, it is important to consider binding-competent conformers that do not form the full aptamer, [17] [18] [19] [20] as ligand interactions with these conformers can have a profound effect on the RNA folding pathway. In this review, we re-evaluate earlier work, including X-ray structures of isolated aptamer/ligand complexes, biophysical studies, modeling, and simulations. Our focus is what mechanism(s), in light of the dynamic considerations listed above, might transduce the ligand-binding signal into the genetic decision.
THE P1 HELIX PLAYS A KEY MECHANISTIC ROLE IN MANY RIBOSWITCHES
Riboswitches can be classified according to a number of criteria: effector ligand, 21 Rfam folding family, 22 mode of regulation (e.g., transcription vs translation), 23 complexity of organization, 24 or aptamer structural 10, 25 and binding properties. 24 The early exploration of coupling between ligand binding and expression platform folding highlights variations in riboswitch function within families, 26 or even for an individual riboswitch, 16, 17 depending on conditions. These distinctions are arguably as significant as those between the behavior of individual riboswitch families or superfamilies. In this review, we start by considering common aspects of the coupling/switching mechanism for a set of riboswitches which we call 'P1 helix-regulated riboswitches'.
Many of the most intensely studied riboswitches, including purine, thiamine pyrophosphate (TPP), S-adenosyl methionine (SAM), lysine, and flavin mononucleotide (FMN) riboswitches, fall into the P1 helix-regulated category. These were also some of the first riboswitches discovered. For these reasons, this set forms the focus of this review. Although most riboswitches are divided into those which operate by transcriptional or translational attenuation, we focus on transcriptional riboswitches. We will not further consider systems that combine the riboswitch mechanism with splicing, cleavage, sequestration of protein 27 or silencing. 28 More complex riboswitches, such as the Mg 2+ , 29 glycine 30 and c-di-AMP riboswitches, 31 which contain tandem or multiple ligand-binding sites, or the B12 riboswitch, 32 are likely to present novel and more complex mechanistic features. At the other end of the spectrum, the pre-quenosine and SAM-II riboswitches could arguably be described as special cases of P1 helix-regulated riboswitches with a single helix within the aptamer domain. As we will see (next section), the formation of the P1 helix from nonadjacent sequences is central to the explanation of the conformational coupling phenomenon in P1 helix-regulated riboswitches. We will not further consider the pre-Q riboswitches, which have been reviewed elsewhere.
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P1 Helix-Regulated Riboswitches
We define a P1 helix-regulated riboswitch by the following characteristics (Figure 1(a) ): (1) A series of two or more stem loops form within the aptamer domain via base pairing of adjacent strand segments. (2) Nonadjacent segments on either side of the aptamer domain come together to form the P1 helix in the presence of the ligand. This helix is the only long range, or at least the longest range, pairing interaction required by the secondary structure. (3) The stabilization of the P1 helix results in the formation of an n > 2 helix junction that forms the core of the aptamer. (4) The P1 helix is often metastable. If the P1 helix fails to form, the nonligand binding riboswitch structure may be described as a series of stem loops formed from adjacent strand segments extending into the expression domain. Tertiary structural motifs, such as pseudoknot (PK), kissing loop (KL), helix-loop (HL) contacts, and nonadjacent nucleotide stack ('high-five' stack, HF) are highlighted in blue. Protein databank (PDB) entries used in this figure are: TPP riboswitch (2cky), FMN riboswitch (3f2q), S-adenosyl homocysteine (SAH) riboswitch (3npq), Lysine riboswitch (3dil), c-di-guanine mononucleotide phosphate (GMP) riboswitch (3irw), Adenine riboswitch (1y26), Guanine riboswitch (1y27), SAM-III riboswitch (3e5c), and SAM-I riboswitch (2gis). These riboswitches are classified into three types based on the relative position of ligand to the P1 helix. For the largest group, the ligand clearly stabilizes the closing base pair of the P1 helix through direct contact (middle and lower panels), or indirectly via contacts with linking strands (FMN riboswitch). In one case (SAH), the P4 helix plays the functional role of P1 and shows a similar pattern of contacts with the ligand. Only TPP lacks obvious stabilizing contacts with the P1 helix.
form an alternate pairing with a downstream segment. This pairing blocks formation of a downstream terminator (in a positively regulated transcriptional riboswitch) or antiterminator helix (in a negatively regulated transcriptional riboswitch) or competes for hybridization with a Shine-Dalgarno (SD) or anti-SD segment (translational riboswitch).
Three-Dimensional Architecture of P1 Helix-Regulated Riboswitch Aptamers
Inspection of high-resolution three-dimensional (3D) structures of many riboswitch aptamers ( Figure 1 ) confirms that they can be analyzed as a set of three domains. A set of stem loops link together with the P1 helix via the junction. A single nonadjacent P1 helix pairs opposite ends of the aptamer. The genetic purpose of this device is to bring the nonadjacent segments of the P1 helix together or keep it apart, in response to the ligand signal, thus determining a signaling outcome downstream (Figure 1(a) ).
In addition, riboswitch aptamers of this category contain long-range tertiary interactions such as looploop (lysine 16 and some purine riboswitches 24 ) and pseudoknot (SAM-I) interactions. 34, 35 These tertiary interactions are coupled to the presence of structural motifs such as base triples and quadruples, 24 A-minor interactions and kink turns 36 ( Figure 1(b) ). The motifs and tertiary interactions may be stabilized by ligand binding, 36 and are also sensitive to cellular conditions, notably magnesium levels. 34, 37 This aptamer organization is ideally tuned to (1) detect the metabolic state of the cell and (2) transduce the information to the downstream secondary structure folding via P1 helix stabilization or destabilization.
The task of the ligand, therefore, is to enhance P1 helix formation at the expense of competing pairings with downstream segments. This task is closely coupled to the overall 3D arrangement of the set of stem loops. As pairing of the P1 helix severely restricts the sampling of 3D arrangements for the multiple stems and junction, it incurs an entropic penalty. Furthermore, P1 helix formation is likely to be the rate-limiting step in aptamer folding, and possibly in ligand binding, at least when the ligand concentration is well above the K d .
Ligand-aptamer contacts observed in most X-ray structures of P1 helix-regulated riboswitch aptamers ( Figure 2 ) are consistent with ligand stabilization of the P1 helix. 24, 38 In most aptamer-ligand complexes, the ligand sits directly above or near the closing base pairs of the P1 helix, often making nonbonded interactions (Table 1, Figure 1(b) ). In some cases (SAM-I, 39, 40 SAM-II 41 ), the ligand directly contacts these closing base pairs (Figure 1(b) ). In these cases, and in the cases of adenine, guanine, SAM-III, 42 lysine, and c-di-GMP riboswitches, 43 the ligand contains a ring that stacks near a residue in the closing base pairs of the P1 helix, providing further stabilization (Figure 1(b Figure 2 ) are observed between the ligands and junctions that link the P1 helix to adjacent helices. Ligand-junction contacts stabilize P1 formation by countering the entropic penalty for restricting the arrangement of junction strands. Only in the TPP riboswitch, 44, 45 does the ligand make no direct contacts either with the P1 helix or adjacent junctions.
In Figure 1 (b), upper panel illustrates two exceptional cases in addition to the TPP riboswitch aptamer. In the FMN riboswitch aptamer, FMN makes no P1 helix contacts but there are important contacts with both junctions linking to the P1 helix. These contacts restrict the conformational flexibility of P1-linked junction segments, facilitating P1 helix formation as achieved in a more direct form for other riboswitches. The S-adenosyl homocysteine (SAH) riboswitch is a special case in that the P4 helix is formed from nonadjacent strands and plays the strand-exchanging role associated with P1 helices in other riboswitch aptamers. The ligand stacks with the closing base pair of the P4 helix, and contacts the adjacent junctions (Figure 1(b) , lower panel), as observed for the P1 helix in other riboswitch aptamers, consistent with the interpretation that the ligand stacking in both cases is important for stabilizing nonadjacent helices.
When contacts are observed to two helices, or to two junction strands, such mutual contacts constrain the distances and relative orientations of the respective architectural elements within the riboswitch fold. Figure 2 shows the corresponding constrained distances as measured from X-ray coordinates of several ligand/riboswitch aptamer complexes. Some ligands contact negatively charged phosphate backbones on junction strands linked to opposing strands of the P1 helix. Some of these contacts are Mg 2+ mediated.
Riboswitch Aptamers Hint at a Much More Dynamic Picture
A deficiency of an analysis based upon X-ray coordinates is that biological processes are dynamic. Specifically, transcription is a stochastic process resembling a biased random walk. Nonetheless, the pattern of ligand contacts to P1 helices in the 3D structures of riboswitch aptamers (Table 1, Figure 2 ), even with the expression domains truncated, hints at the dynamic tendency of riboswitches to form alternate helices. The role of contacts observed in X-ray coordinates in P1 helix stabilization can be tested in simulations, as well as experimentally using mutational analysis, and fluorescence and other biophysical monitors of riboswitch folding and ligand binding. The Sanbonmatsu group 46 modeled SAM-induced folding atomistically in the Thermoanaerobacter tengcongensis SAM-I riboswitch using structure-based simulation with explicit solvent. Native contacts between SAM and the aptamer, as observed in an Xray structure of the complex, were incorporated as attractive interactions. P1 formation appeared as the 
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Contacts with P1 helices and junction segments linked directly to the P1 helix-forming strands will restrict the relative orientations of these strand segments, significantly reducing the entropic penalty for juxtaposing P1 strand segments. Such contacts are highlighted in bold, as are the contacts to junctions linking to P4 in the SAH riboswitch. SAH, S-adenosyl homocysteine.
final step in folding, but occurred faster in the presence than in the absence of SAM. Direct molecular dynamics (MD) simulations on the same riboswitch highlighted the role of direct contacts between SAM and the G11 residue in the junction (J12) linking the P1 and P2 helices. 47 Additional Mg +2 mediated interactions between SAM and other junction residues were remarkably stable during long-timescale MD runs. 19 Structure probing through susceptibility to chemical modification and interference confirmed that tertiary folding characteristic of the ligand-bound aptamer is linked synergistically to both SAM and Mg +2 concentrations. 37 Additional P1 helix stabilization via direct contacts with SAM in the X-ray structure explains increases in K d for SAM binding for aptamers containing mutations in two P1 helix base pairs near the junction-observed by isothermal titration calorimetry (ITC) 48 and equilibrium dialysis. 49 Further evidence for a link between SAM binding and P1 helix formation in this riboswitch comes from a correlation between P1 helix length and ligand binding as measured by fluorescence resonance energy transfer (FRET). 50 Single-molecule fluorescence measurements in the SAM-I riboswitch indicate that ligand binding is coupled to a rotation in P1 helix orientation relative to the core/ junction riboswitch region. 50 This finding may be interpreted in the context of the ligand positioning aptamer subdomains in a manner that facilitates coaxial stacking between individual helices, a common feature of folded branched nucleic acid structures.
MD simulations of the Adenine riboswitch also highlighted contacts with a junction region stabilizing a 3D configuration favorable for P1 helix formation. 51 For the purine riboswitches, loop-loop interactions involving helices P2 and P3 have been linked to P1 stability using mutational analysis, FRET and timeresolved nuclear magnetic resonance (NMR) (reviewed in Ref 9) . A particularly interesting case is the pubE adenine riboswitch. Single-molecule pulling studies indicated that P1 helix formation was metastable at least in the absence of ligand 52 even for the truncated aptamer.
DYNAMIC ASPECTS OF RIBOSWITCH FUNCTION Cotranscriptional Folding and Function of Riboswitches
When riboswitches are regulating transcription or translation in the cell, many factors interact, including the DNA and RNA, the polymerase and accompanying factors, as well as the effector ligand and possibly cellular proteins, such as Nus. 53 Timing and coordination between the binding and association of these factors, the movement of the transcription complex, and the RNA folding are critical to the outcome. It cannot be assumed that individual steps, including riboswitch folding and ligand association, will reach equilibrium before the genetic decision takes place. A recent study of Escherichia coli coenzyme B12 binding btuB riboswitch folding and function using a pausing-deficient β 0 F773V RNA polymerase revealed a profound effect on regulatory outcome. 54 The interplay with cotranscriptional folding and ligand binding is further complicated by heterogeneity amongst populations of RNA polymerase molecules. 55 Conformational dynamics, stochasticity, nonequilibrium processes, and heterogeneity must therefore be incorporated into any analysis of riboswitch function in transcription.
The Role of Ligand Binding Kinetics in Kinetic Control
A seminal series of early papers measured binding kinetics for transcriptional riboswitches with cognate FMN and purine ligands. 14, 15 The predicted equilibration time for ligand binding was shown to be comparable to or slower than the timescale for transcription of the riboswitch, at least under certain conditions. Translational riboswitches, on the other hand, may be able to reach a folding and binding equilibrium before the ribosome has a chance to recognize the SD sequence.
These findings addressed an apparent discrepancy in early riboswitch data between the apparent K d for ligand binding, and the threshold concentration of ligand required for 50% activation/suppression of gene expression, as measured in vitro or in vivo. 8 The kinetic data offered an explanation: ligand levels must be high enough to stabilize the aptamer complex during the timescale of transcription, which should be higher than that required at equilibrium.
A 2012 study on the lysine riboswitch provided direct evidence of both thermodynamic and kinetic control, depending on the nucleotide levels in an in vitro transcription assay. 16 When transcriptions were performed at 50 μM NTP concentrations using a DNA template coding for the wild-type Bacillus subtilis lysC gene and leader sequence, a correlation was observed between T 50 (the concentration at which transcription is 50% terminated) and K d for lysine and a series of riboswitch-binding analogs. This correlation, though, did not hold up at higher nucleotide concentrations.
The lysine riboswitch study is arguably the exception that proves the rule, that at least in general, transcriptional riboswitches are kinetically controlled. On the other hand, the low NTP concentration conditions that give rise to thermodynamic control in the in vitro experiments are relevant to stationary phase conditions. The capacity to switch between kinetic and thermodynamic control may allow the cell to adjust the threshold ligand concentration for suppression of gene expression when appropriate.
The Role of RNA Folding Kinetics in Kinetic Control
Kinetic control is often described by assuming that the genetic decision is made at the time that the aptamer is transcribed 14, 15, 24 ( Figure 3) . In this scenario, ligand binding fixes the aptamer fold before the expression platform is synthesized. In the absence of the ligand, the aptamer, if it forms, is relatively unstable and will not compete effectively with formation of competing downstream helices once the latter have been transcribed. The model assumes that aptamer folding can take place before the expression platform is transcribed, at least if the ligand is present. If so, then ligand-binding properties for the aptamer, whether thermodynamic or kinetic, should determine the outcome.
On the other hand, early kinetic studies detected a second-order exponential decay in fluorescence binding curves.
14 Moreover, the authors pointed out that the observed dynamic range in gene expression never represented more than 50% of transcription complexes, which they interpreted as indicating that many riboswitches form 'off-pathway' species.
14 Such variation is characteristic of many levels of cellular regulation and similar observations for other riboswitches lead to the term 'dimmer switch' for riboswitch gene regulation. 56 Thus, in addition to kinetics of ligand binding, kinetics of riboswitch folding must be considered. Computationally, it is feasible to model a number of scenarios varying relative rates for binding, folding, transcription, pausing, and transcript stability 57 in which any combination of these processes may be rate limiting.
Relatively few riboswitch folding kinetic studies have appeared. 58, 59 Most of them focus on the aptamer segment, although the expression domain was included in some kinetic studies of ligand binding. 14, 15, [60] [61] [62] [63] Aptamer folding is temperature dependent and may take place on the timescale of transcription near 37 C. Folding and binding rates depend on ambient conditions and the riboswitch sequence itself, and the cells' metabolic state. Moreover, transcription rates, including sites and lengths of pauses, 54, 55 vary depending on cellular conditions. While a general consensus has emerged that transcriptional riboswitches are often kinetically controlled, caution has rightly been exercised in generalizing this conclusion.
LIGAND BINDING AND RIBOSWITCH FOLDING PATHWAYS
Simulating Cotranscriptional Folding Using the FEL
Whether the riboswitch mechanism operates by kinetic or thermodynamic control, the question remains as to how the ligand perturbs the conformational distribution. If the mechanism is kinetic, the question becomes more complex, because the presence of the ligand may affect the rate of folding, as well as the thermodynamic stability of competing structures. This kinetic factor compels us to consider folding pathways and intermediate or transition state folds. We must then recall that RNA, even under equilibrium conditions, is not restricted to two states, but forms a population distribution as determined by the FEL. 64, 65 It is important to recognize that the FEL is not a descriptive model. It is solidly based in the statistical mechanics principles that govern folding and interactions of biomolecules in solution. If the experimental parameters to calculate the FEL are available, statistical mechanics and transition state theory can be used to make quantitative predictions.
A starting point for the analysis of cotransciptional folding is to simulate transcriptional elongation by computing predicted populations of conformers for riboswitches as a function of transcript length. [11] [12] [13] We computed base pair probabilities (BPPs) for varying length SAM-I riboswitch transcripts, starting with the complete aptamer and extending to transcripts containing the full expression platform, including potential terminator and antiterminator hairpin-forming sequences. Although SAM-I riboswitches from different sources show variations in predicted behavior, the dominant pattern was aptamer formation for the shortest and the longest transcripts. Antiterminator forming structures appear only during a 'sensing window', 11 near completion of antiterminator synthesis. For a series of riboswitches Quarta et al. 11, 12 concluded that an early occurrence of the sensing window, following the transcription of the full aptamer domain, is correlated with kinetic control. The predictions imply that it is the binding-incompetent structure that is trapped kinetically in the absence of ligand, and that transcription must proceed past the aptamer before the RNA folding decision is reached.
The same studies also provided insight into the nature of the unliganded riboswitch conformational states. Predicted alternative folds in the TPP riboswitch 11 in the sensing window provided an explanation for the failure of TPP riboswitches of intermediate length to bind the ligand-as assayed via quenching of 2-aminopurine fluorescence due to P1 helix formation. 62 Similarly, an alternative fold for the unliganded SAM-I riboswitch, involving sequestration of one P1 helix segment by a P4 helix segment was predicted. 13 The prediction is validated retrospectively from early in-line probing data 49 by comparison with new data for constructs in which the 5 0 P1 segment was truncated 18 ( Figure 4) . Interestingly, the alternative conformation is formed completely from segments that are transcribed before aptamer synthesis has been completed.
The Competition between P1 and Alternative Helix Formation: A Role for Strand Migration?
While conformational population distributions can be described by a Boltzmann factor at equilibrium, they may deviate significantly during the cotranscriptional folding process, depending on kinetics of folding. FELbased calculations such as those described above may allow us to link the population distributions to the kinetics of folding, with caveats. Specifically, if we can hypothesize as to the most favorable folding pathways between two or more free energy minima, we can estimate rates based on the energetic barriers between intermediate 'transition' states along these pathways. 66, 67 Overall, computational studies, atomistic as well as thermodynamic and kinetic, predict that P1 helix formation is the rate-limiting step in cotranscriptional aptamer folding for some purine and SAM riboswitches. 13, 46, 51, 68, 69 Single-molecule folding studies have confirmed this expectation for the TPP and pubE adenine riboswitches. 52, 70 Additional evidence comes from NMR studies. 58, 71 Kinetics of and pathways for P1 helix formation should therefore be a major focus of the cotranscriptional folding analysis.
During the sensing window, small populations of what we termed 'hybrid structures' containing partially formed P1 helices and partially formed antiterminator helices are predicted. 13 Analog B. subtilis yitJ SAM-I riboswitches that were constrained to form the hybrid folds bind to SAM in the micromolar K d range, two to three orders of magnitude weaker than for the truncated aptamer. 18 Previously, it had been assumed that antiterminator formation would be irreversible during cotranscriptional folding. For the same SAM-I system, fluorescence-based assays indicated that SAM binding could not fully reverse the formation of bimolecular analogs of the antiterminator containing conformers. 13, 63 The unimolecular system will be a different case, however. A 3-microsecond unconstrained MD simulation of the same system, using the special computing facility Anton, captured a branch migration event in the presence of SAM converting antiterminator helix base pairs to P1 helix base pairs. 19 Single-molecule force studies indicate folding transitions on a similar timescale for analogous molecules, 72 indicating the plausibility of the event observed in the simulation. Theoretical calculations propose this branch migration as the fastest route toward strand switching. 73 Taken together, the experimental studies and simulations cited in this section indicate that a SAM-I riboswitch with a partly formed antiterminator can be rapidly converted to a full P1 helix-forming This putative strand migration mechanism is potentially present in other riboswitches. A bindingcompetent hybrid P1/antiterminator helix-forming has been detected in an NMR study of an adenine-sensing riboswitch at low temperatures. 17 Two secondary structures are detected with the ligand bound, one of which is also present in the absence of ligand. The secondary structure of this binding-competent non-aptamer-containing conformer contains base pairings in common with both the terminator helix and the competing aptamer P1 helix. The authors propose that at low temperature, where folding kinetics is slow, the formation of the binding-competent conformer facilitates a timely transition to the ligand-bound aptamer state, if sufficient ligand is present. 20 This mechanism deviates from early assumptions, in that the expression platform must be partially transcribed before the bindingcompetent state is present, in agreement with more recent cotranscriptional folding simulations. 11, 13 A strand migration mechanism for ligandinduced folding requires a nucleation of a minimal helix in order to allow ligand binding. Partial antiterminator formation may stabilize this nucleation. Prior to transcription of the expression platform, a short P1 nucleation will be unstable and may dissociate before the ligand can bind. Following partial synthesis of the expression platform, the ligand could accelerate P1 helix propagation by stabilizing transition states containing a hybrid P1/AT helix (or P1/T helix for a positively regulated riboswitch). By reducing the free energy barrier between proto-antiterminator forming conformers, which contain no P1 helix base pairs, and the partially nucleated transition state(s), the ligand would catalyze the rapid conversion to a P1 5 | Schematic models for kinetic control of riboswitch folding and gene expression outcome during transcription, illustrating the role of multiple competing conformations. Top panel, the P1 helix does not form and nucleate sufficient P1 base pairs for ligand binding until other bindingcompetent intermediates form during the 'decision window', when the expression platform is being transcribed. The bottom panel illustrates a modified picture of kinetic trapping. The aptamer folds as it is transcribed-the ligand binds and fixes the aptamer fold, blocking the nucleation of the competing helix or blocking its formation via branch migration. Depending on whether the riboswitch is a positive or negative regulator, an additional terminator helix may form further downstream in the absence of the competing 'antiterminator' helix. These two models should not be viewed as mutually exclusive. In fact, varying combinations of the two are likely in different ribsowitches, and even when a single riboswitch is transcribed in different cellular environments.
Advanced Review
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On the other hand, the ligand may not need to bind to the hybrid state to cause P1 helix formation, if the nucleated base pairs are stable enough to allow ligand binding. In that case, simulations for the SAM-I riboswitch 19 indicate that the bound ligand will promote completion of the P1 helix, blocking extension of the antiterminator helix via branch migration, until the terminator helix-forming region is transcribed ( Figure 5, bottom panel) . Interestingly, a construct carrying a full length P1 helix within the context of an antiterminator helix in a nonoverlapping region is still a weaker binder to SAM than the truncated aptamer.
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Visualization of the Switching Trajectory Using the FEL
The last two systems present examples of transcriptional riboswitch conformers that are binding competent but that logically should function as predicted for the competing fold. 17, 18 The fact that binding is reduced as compared with the aptamer fold means that ligand binding can drive the equilibrium rapidly toward the aptamer. Branch migration, involving small steps with small energy barriers, is predicted to be the fastest pathway for interconversion between alternative helical base pairing configurations. 68, 74 Figure 6 illustrates schematically this structureinterconversion mechanism from the perspective of the FEL. In the absence of ligand (Figure 6(a) ), each possible RNA conformation has an associated free energy for the system of RNA plus solvent. The multidimensional conformational space represents overall configurations of the system. The distance between two states is related to the number of steps (changes in bond rotation, position of solvent molecule or ion, etc.) required to convert from one state to the other. In the presence of ligand, the free energy must now include that for the RNA plus ligand plus solvent. If we represent this new free energy plotted against the RNA conformation only (Figure 6, (b) and (c) ), the free energy for those conformers that have any favorable binding free energy is now lowered as compared with those that do not, by an amount proportional to the binding free energy. In an idealized 'conformational capture' model ( Figure 6(b) ), only one state would be thus affected. If there are other binding-competent states, or a binding-competent region of conformational space, there will be more profound changes in the FEL (Figure 6(c) ). This perturbed FEL will open new pathways for RNA folding and thus modify the kinetics of folding. 20 for the special case of a 'three state system'. They predicted switching efficiency-the percentage of total riboswitch RNA that undergoes a conformational transition toward the holo state upon a given increase in ligand concentration-as a function of temperature. 20 Their calculations illustrate the potential role of hitherto ignored heterogeneous conformers, previously dismissed as 'misfolded', in tuning riboswitch function to meet the dynamic requirements of the cell.
Evidence that residues even further downstream play a role in the regulatory activity of the adenineresponsive riboswitch comes from the P1 helix length dependence of transcription activation by the ligand. 75 A minimal P1 helix (three base pairs) was sufficient to trigger the formation of the terminator helix, but mutations further downstream, not directly involved in strand switching, were also found to affect the outcome. Terminator segments contain slippery sequences, leading to further possibilities for strand migration and base pairing slippage.
Mechanisms for Fine Tuning of Riboswitch Function
It cannot be overemphasized that riboswitch mechanisms will not only vary with cellular conditions. They also vary between riboswitches-even within the same family and species. A powerful aspect of the riboswitch mechanism is that the versatile properties of RNA can be exploited to tune the response of a diverse set of genes, coding for diverse metabolic functions, to diverse metabolic conditions. A study of 11 SAM-I riboswitches in B. subtilis found a range of response thresholds to the ligand. 26 As the riboswitches sit upstream of genes involved in a number of stages within related metabolic cycles, the full network of riboswitch-regulated genes require a mechanism for fine tuning of the cell's metabolism to fluctuating environmental conditions, as sensed by the cellular levels of the cognate and analog ligands.
Dynamic modeling and biophysical analysis of diverse SAM-I riboswitch sequences present possible mechanisms to explain these variations. A highly conserved G residue in J12, which makes a critical contact with the ligand, is predicted to form base pairs with an exceptional number of partner residues in the absence of SAM 13 ( Figure 7 , left). The ligand contact therefore blocks a range of potential alternative folds and acts as a chaperone to funnel the folding pathway toward the aptamer configuration (Figure 7, right) . Considering the P1 helix-regulated mechanism, it is easy to see how this 'hot-spot' for riboswitch conformational flexibility acts as a control point for ligand-mediated RNA folding.
Interestingly, base pairing probability calculations for a series of natural SAM-I riboswitch sequences show a correlation between the number of predicted partners for the equivalent G residue in J12 13 and the reported transcriptional activity in the absence of SAM for the study cited above. 26 While the significance of this correlation is not clear, it is worth noting that Advanced Review wires.wiley.com/rna 644 many riboswitch ligands contact G residues in the aptamer junction regions. Of all four canonical nucleotides, G residues are the most indiscriminate in their propensity to base pair with noncanonical partners. 76 The strand switching mechanism requires a segment that 'switches partners' when ligand is present or absent. But each competing helix sometimes contains additional base pairs that do not participate in the switch. The extent of these nonoverlapping regions varies from one riboswitch to another and provides another potential tuning mechanism. An extended nonoverlapping region will facilitate nucleation of the corresponding helix in the presence or absence of ligand. In the pbuE adenine-responsive riboswitch extending the P1 helix to the point that it could compete with the closing base pair of a downstream helix (ordinarily not part of the competition region) disrupted the ligand sensitivity of the riboswitch. 75 Synthetic transcriptional riboswitches designed to minimize the overlap between aptamer and expression platform achieve a regulatory response that is relatively independent of the expression platform. 77 Interestingly, activity in these riboswitches is far more sensitive to P1 helix length than in the case of the pbuE adenine-responsive riboswitch. This result may help to explain how the variable nonoverlapping helical regions can tune riboswitch response to the specific requirements for regulation of downstream genes.
IMPLICATIONS FOR DRUG DESIGN AND RIBOSWITCH ENGINEERING
A number of designed riboswitch aptamer ligands have been reported, 78 including a noncognate guanine riboswitch ligand with inhibitory activity against staph infection in a mammalian model. 79 Moreover, natural antibiotics such as roseoflavin have been shown to act against riboswitch targets. Nonetheless, drug design targeted at riboswitches remains a challenge. The participation of residues from the expression platform in the switching mechanism complicates strategies to inhibit riboswitch function that target the aptamer only.
The tetrahydrofolate (THF) riboswitch 80 illustrates the difficulty with targeting some riboswitches based only on ligand/aptamer affinity. As a depository for carbon moieties in cellular metabolism, THF coexists in the cell with a wide range of derivatives, many of which can bind the cognate riboswitch. The regulatory activity of the ligands is not correlated with binding affinities for the aptamer. 81 This variable functional response to binding by different ligands may enable the cell to respond appropriately to a cellular imbalance between reduced and oxidized forms of THF. Differential affinities for transient intermediate conformers could be one mechanism to achieve this variable response. MD simulations 82 and FRET measurements for the SAM-II riboswitch 83 (a translational riboswitch) suggest another model for achieving a variable response to ligand analogues. Simulations indicated that SAH binds in a complex with similar binding mode to the cognate ligand, SAM, yet the two studies suggest that a downstream SD is sequestered in the SAM-II complex but exposed in the complex with SAH.
The correlation between aptamer binding and regulatory response holds better for P1 helix-regulated riboswitches responding to purines, SAM, lysine, TPP, and FMN. It may therefore be feasible to design antibiotics based on their affinity for the aptamer in these cases. Nonetheless, it is worth considering the expression domain and conformational intermediates during the drug design process. The correlation between ligand binding and regulatory response may not hold for all inhibitors. More importantly, consideration of these more complex dynamics provides opportunities for novel drug design strategies that may produce inhibitors with favorable properties-for example-slower induction of resistance mutations. Targeting of alternative, so-called 'inactive' conformations, is a well-established approach for protein-directed drug design. 84 The ribosome is a very dynamic target of a number of natural product antibiotics. 85 The new insights into the switching mechanism also present increased opportunities for riboswitch engineering. Mechanisms involving strand migration, long-range tertiary interactions, and transient intermediates are being exploited by natural riboswitches, in concert with pausing and careful calibration of folding and binding kinetics. These factors are finely balanced to tune function to different cellular conditions and to satisfy different cellular requirements. This strategy has some attractions for synthetic biology, if a mechanistic model can rationally predict ligand affinity and riboswitch response.
CONCLUSION
From the literature cited in this review, we may propose a high-level description of how the riboswitch ligand perturbs RNA folding, at least for some riboswitches. The ligand modifies the FEL of a riboswitch in a concentration dependent manner. Not only the relative heights of the on and off folds, but energy barriers between intermediate states are also perturbed. Therefore, the presence of ligand affects not only the equilibrium between two dominant, alternative folds, but also determines when and how fast one structure converts to the other.
The role of strand migration in ligand-induced conformational switching presents a major challenge to experimental investigators. Short of observing all processes: transcription, binding, folding, pausing, in a single real-time experiment, measurements of ligand effects on riboswitch folding kinetics may give some direct and indirect insights into this aspect of the process. Single-molecule methods may illuminate the distinction between folding intermediates and 'misfolded' structures. The mechanism(s) responsible for pausing and termination during transcription, and the coupling of these outcomes to transcript folding are poorly understood. Further studies using single-molecule methods, 86 as well as structural studies of transcription complexes, 87 among other methods, can help address pausing mechanisms. Consideration of rate constants for ligand binding and RNA folding, the presence of conformational intermediates and differential binding rates/affinities may appear to introduce arduous complications to our analysis of riboswitches. Nonetheless precedents for utilizing statistical mechanics and stochastic analysis to model dynamic processes in gene expression go back some decades (see additional reading).
That long-range folding can be so sensitive to a single functional group in a distal binding ligand is testimony to the remarkable functional versatility of RNA molecules. Traditional descriptions of the Central Dogma suggest that unique 3D folding of proteins facilitates unique functions, whereas Watson-Crick base pairing in nucleic acids is the ideal mechanism for storing, transmitting, and decoding information. Riboswitches stand that picture on its head. A unique 3D pattern of contacts is used to decode information regarding the cell's state. Watson-Crick pairing in these systems facilitates structural polymorphism in response to this information-in effect acting as a mechanism for signal transduction. We should understand from riboswitches that while proteins are better suited for certain functions such as catalysis, RNA is ideally suited to tasks that require the cell to detect and respond 'on the fly' to environmental conditions. These considerations should influence how we think about applications of riboswitch engineering. It is worth noting that the ability of aptamers, which are obtained via in vitro synthesis and selection, 1 to act as specific and selective chelators to a wide range of ligands has had information-related applications, such as imaging 88 and diagnosis. 89 Coupling this ability to the genetic decision-making ability of the expression platform has already resulted in a repertoire of devices that can control gene expression by interfering at various stages of mRNA synthesis and stability, 4 acting in vitro and in vivo, in prokaryotes and eukaryotes. 90 Riboswitches appear therefore to be readily amenable to rational design. It is important to note, however, that many of these designed riboswitches do not conform to the P1 helix-regulated pattern that is found in so many common riboswitches.
Drug design targeting riboswitches, perhaps not surprisingly, is a more challenging task. Nonetheless, a more sophisticated understanding of riboswitch function opens the way for new strategies as well as a means for interpreting previously unpredictable results from traditional approaches.
